With varying degrees of enthusiasm, researchers and decision-makers support the use of telemedicine. Forms of telemedicine are appearing in health-care delivery, and are often integral to transforming health-care information technology. Despite this, the appropriate role of telemedicine in the delivery process remains ambiguous, at least partly because of its uncertain impact on costs. Cost savings and benefits are often suggested by the logic of its impact on health care and by the promise of technology, but definitive information on the costs and benefits remain elusive. The objectives of this paper are to review the state of telemedicine cost research, to examine major issues affecting the yield from this research, and finally to recommend strategies for improving future research. As this paper demonstrates, the productivity of telemedicine cost studies suffers from an under-utilization of appropriate program evaluation and economic methods. This review of telemedicine cost literature will appraise telemedicine cost studies and their findings within a broad analytic framework. Telemedicine cost studies will be assessed on their methods of statistical inference, use of critical economic concepts, and contextual definition for the determination of costs and benefits.
R
ESEARCHERS HAVE YET TO ESTABLISH either a sufficient body of findings or a vision for understanding telemedicine costs. Systematic literature reviews report a few useful cost findings along with many inadequate methods of inference. Most notable is the absence of randomized, controlled trials. But even among studies meeting minimal methodological criteria, studies suffer from poor use of analytic techniques in economics and inadequate documentation.
Difficulties in cost analysis have been attributed to problems in evaluating new programs, low levels of use, and rapidly changing technology. A few authors have called into question the usefulness of traditional tools of economic evaluation and have proposed new conceptual frameworks. 1 Despite these appraisals, there are no detailed assessments or proposed strategies for addressing the low productivity of telemedicine cost analysis, whether from inadequate use of theory, the difficult nature of applying economics in this field, or limited expertise in the requisite methodology.
Clinical research design and statistical inference have guided telemedicine cost evaluations. The methodological benchmark has compared assessments of alternatives, and the strongest evidence and highest-quality findings come from randomized, controlled trial (RCT) designs. Systematic reviews of telemedicine literature largely are based on criteria from classic RCT, and comparisons are among alternative interventions as measured by costs and benefits. But although the RCT model is appropriate for assessing clinical effectiveness, the evaluation of telemedicine programs has fundamentally different purposes, standards for judging causality, logistical constraints, and implications from major threats to validity. 2 Hence different methods may enable more effective program cost evaluations.
RCT guarantees little when applied to most telemedicine program evaluation, which faces different constraints from clinical research. Research on pharmaceutical and biological devices, for example, depends on the use of RCT methods to infer causality. On the other hand, the purpose of telemedicine cost evaluation is to support program and policy decision making.
The overall quality and success of a program evaluation depends on understanding and applying findings to decision-making contexts and needs. The key methodological challenge in telemedicine cost evaluation is to identify the decision-making information requirements and to depict the decision framework that defines the contextual validity of findings. This issue was argued in a recent position paper of the American Evaluation Association (AEA), RCTs are not always best for determining causality and can be misleading. RCTs examine a limited number of isolated factors that are neither limited nor isolated in natural settings. The complex nature of causality and the multitude of actual influences on outcomes render RCTs less capable of discovering causality than designs sensitive to local culture and conditions and open to unanticipated causal factors. 2 Consequently, although selecting a methodology that achieves internal validity remains important in cost evaluations, methods that fit the specific problem context and decision-making needs are equally important.
In addition, the effective interpretation and generalization of program cost evaluations rely on different tools and applications of conceptual schema as compared with those of clinical research and most cost evaluations of drugs and devices. Telemedicine programs are highly heterogeneous interventions, with complex sets of input, output, and context factors. Interpreting the data and findings on telemedicine program costs requires insight into the health-care delivery processes that generate the data. Interpretation, integration of findings, and generalizations often require insights from health-care delivery and economic theories. Meaning and differences in findings may not become apparent until viewed within a construct, such as health production.
At the same time, the specific uses of program cost evaluations shape the results and the applicability of findings. For example, cost evaluation may focus on providing results for a health-care organization or a system of care, or they may be intended for general application. Different research methods may provide equally valid information on a question, but the measures and control of contextual factors may require different evaluation methods. A review of research studies needs to incorporate the intended use of the evaluation. Different strategies may be needed to synthesize disparate findings.
Accordingly, telemedicine cost evaluations and reviews of this literature have not paid attention to the unique purposes, needs, and methods of program cost evaluation, nor have they focused on non-RCT or economic methodologies. Program cost evaluations involve matching analytic methods to the purpose and constraints of the evaluation, identifying the role and characteristics of decision-making frameworks, and using appropriate economic concepts for interpreting program findings. Each of these components of the analytic structure may be momentous in determining the value of a study. Although trade-offs exist in the use of optimal strategies, rigid adherence to strong methods of determining causality may make studies meaningless because of associated limitations in contextual validity. The productivity of telemedicine cost studies suffer from an under-utilization of appropriate pro-gram evaluation and economic methods in their design and assessment. First, however, these elements of cost evaluation are applied in the literature, and the methods of selecting the literature are described.
ELEMENTS OF COST EVALUATIONS OF HEALTH-CARE SERVICES
A review of the major analytic components of health-care services cost evaluations provides an overview of the economic concepts, cost analysis decision framework, and methods of inference that affect the quality and productivity of telemedicine cost research. This overview guides the subsequent identification, selection, and review of the telemedicine cost literature.
Cost evaluations of health-care services differ in their purpose. Information about costs may be needed in organizational resource planning; funding agencies may require evaluations to justify expenditures; or health-care system policy makers may be considering broad deployment of a technology. But at the core of each cost evaluation is the analytic contribution of economics, a comparison of alternatives based on the concept of "opportunity costs," defined in the MIT Dictionary of Modern Economics as "the value of resources given up through a decision." 56 The essence of the cost evaluation is identifying the alternative that provides the greatest value in relation to the opportunity costs. This may be described in three basic steps:
1. Identify and aggregate the costs of each health-care alternative. 2. Identify and aggregate valued outcomes of each alternative. 3. Compare the aggregated relative, "value for cost," for each alternative (e.g., such as the ratio of costs to changes in quality-adjusted life years attributable to an intervention).
This process seems simple; however, most of the debate around telemedicine cost analysis comes from difficulties in implementation, and here economic theory only provides broad guidance. The usual errors and shortcomings in the telemedicine cost literature may be attributable to its deceptive conceptual simplicity.
Implementation of a cost analysis requires a well-defined decision framework that consists of objectives, resources used, definitions of outputs, and a context of the decision making, such as timeframe. The relative significance of each these issues in determining the quality of a study depends on program characteristics and types of telemedicine.
Although the specification of telemedicine is grounded in economic concepts, it often depends on a broad, multidisciplinary understanding of health services delivery. Complex interventions of telemedicine, concepts of systems analysis, organizational decision making and strategy, and health-care behavior may be critical for identifying and understanding the value and cost of the telemedicine.
Differences of opinion exist regarding the value of applying economic concepts to cost evaluation. Some variations in methods may arise because of differences in objectives, assessments of the literature, or simply due to multiple, equally acceptable approaches on some issues. On the other hand, conformity in an approach facilitates assessments of literature and provides common utility from a cost study, especially if the study fits within broader research or health-care policy objectives. Consensus definitions and methods in several areas leverage the cost literature and provide collective value. Consensus guidelines are making their way into recommended cost evaluations, and they provide an import element in assessing telemedicine costs.
The following sections provide an overview of the cost evaluation that affects the quality of the telemedicine cost literature. Economic conceptual issues, the decision framework, related considerations of methodological inference, and the role of cost guidelines as they affect the quality of telemedicine cost studies are summarized. These materials will shape the subsequent review of the telemedicine literature.
Economic concepts
Economic theory, as applied to cost evaluation, generally is not a basis for prediction, but it provides concepts and a structure for identifying and developing those measures of inputs and outputs that define program performance. Primarily, the concepts of economic theory of choice constitute a reference for researchers developing observable measures of costs and benefits, and selecting the most appropriate cost evaluation model, such as cost-benefit analysis (CBA) and cost effectiveness analysis (CEA). Otherwise, for program cost evaluations, economic theories of organization and production may help clarify appropriate definitions; identify appropriate aggregations of costs and benefits, and interpret expected impact or findings.
Economic costs and benefits
The most important role of economic theory in cost evaluation is in guiding the identification and measurement of economic costs and benefits. In particular, the concept of costs, defined as an opportunity cost in the economic theory of choice, provides the conceptual foundation for defining costs as the value placed on those resources given up by a decision maker when making a specific choice. As such, costs identified in an economic evaluation are subjective, being defined distinctly from the perspective of a single decision maker.
However, costs, or components of costs, may be estimated through such metrics as market prices. A parallel concept may be applied to the valued gains of a decision that define benefits. Thus, among choice alternatives, a comparison is made of the estimates of a decision maker's opportunity costs relative to the value of outcomes. The measurement of costs is the negative aspect of choice, or the value of what is given up, and the measurement of benefits is the positive value placed on gains. The assumed preference is for the greatest value of outcomes relative to opportunity costs for the decision maker.
Of course, whereas the concept is deceptively reasonable and easy to grasp, the implementation is exasperatingly complex. To begin, the analyst must carefully define the decision maker and the intervention or decision under consideration and its alternatives. Economic concepts may help define relevant features of a telemedicine intervention, but mostly the description and detail of a program are distinct from the core application of economic concepts in the cost evaluation. These issues of program definition are addressed in a subsequent section of this review. This task aside, however, the challenge lies in distinguishing inputs and outputs and assigning appropriate costs and benefits where they are tied to the subjective assessments of the decision maker.
The measurement of costs begins with an identification of the resources "given up" as a result of a choice, by implementing a telemedicine activity or program. Here, the question that needs careful consideration is whether implementation of the telemedicine program requires new resources or expenditures (e.g., construction) or the commitment of resources (e.g., existing facilities) that could be used for other purposes elsewhere. The concept of opportunity cost distinguishes the relevant cost for the evaluation in that the resources used are a consequence of the decision. For example, the institutional overhead of a program may be an accountant's cost, but not necessarily an economic cost because additional commitment of overhead may not be required with the implementation of telemedicine. Of course, this assessment of costs depends on the timeframe of the decision. In the short run, there may not be an opportunity cost for the facility, but longrun facility costs may be incurred. Hence, this assessment of program costs must consider the relevant timeframe.
Once opportunity costs are identified for a telemedicine program, the analyst is then able to address the related question on the value of the resources. Again, the value assigned to resources is defined from the perspective of the decision maker. Values may be easily assigned to some resources, as market prices often reasonably represent the value of resources such as equipment, manpower, etc. On the other hand, resource costs of volunteer labor and patient travel may not be easily determined. Nonetheless, an analytic objective should identify all resource costs (market and nonmarket) that accrue to a decision maker as a result of the program. A common metric of value must be used to produce an aggregate measure of costs for each program alternative.
At the same time, each program choice, such as telemedicine or its alternative, results in outcomes as well as costs. Hence, the analysis must identify all of the important outcomes or gains from each intervention.
Identifying and then measuring the value or benefits of a telemedicine intervention may be considered the complement of determining the opportunity costs of resources, but this task in the evaluation assessment is often more challenging. In contrast to input costs, market prices are usually not available for the benefits derived from the health-care program. Moreover, the outputs themselves, such as a successful treatment or improvements in health frequently are not easily defined, identified, or measured.
Telemedicine programs may create new outcomes of care or change outputs or outcomes. These benefits of telemedicine are often difficult to identify, partly because detecting them depends on our expectations or knowledge of effects on health or other outcomes. Also, detecting benefits may depend on timing, with some benefits only becoming apparent at a time in the future. Then, again, whether an outcome is a benefit may depend on the perspective of the decision maker or stakeholder. The decision maker may be interested in the ability of telemedicine to provide visits or treat episodes of care, but not in the longer-term effects on health.
But even with outcomes identified, a formidable task remains in assigning value to the outcomes of telemedicine and aggregating the sum of benefits for all outcomes. From the perspective of economic analysis the ideal is to evaluate all outcomes with a common monetary metric. These could then be aggregated and compared with costs for each alternative. This type of assessment, CBA, is the preferred method of evaluating alternatives because it facilitates the most direct and ideal implementation of the economic evaluation paradigm, and the broadest consideration of cost and benefit tradeoffs, allowing comparisons with all similarly evaluated choice alternatives. Yet, the application of CBA is often difficult, especially in health care, because of the need to identify, measure, summarize, and compare outcomes that are not usually assessed through the market-based exchange. In particular, there is a general reluctance to assign a value to life or health, at least in such a way as to make it comparable to values placed on non-health-care commodities. Consequently, CBA that do not rely on monetary assessments of benefits are more often used in health-care cost evaluation.
Several alternative methods of CBA have evolved. Most are prominently distinguished by their methods of establishing and aggregating benefits, or valued outcomes. Each may be appropriate, depending on the needs of the analyst and the trade-offs. More than 10 government and industry organizations have developed health-care cost-analysis guidelines in which several different types of cost evaluations are recommended. 3 Issues associated with several of the most common cost-analytic methods in telemedicine are briefly described in Appendix 1.
Among the half dozen types of cost evaluation used frequently in health-care services research, CEA is most prominent. As described in the appendix, whereas costs are monetary in a CEA, personal health-care outcomes are reported in nonmonetary terms, such as changes in blood pressure, or longer-term outcomes, such as improvements in quality-adjusted life years (QALYs), where years of life are weighted by health-related quality measures. 4 A resulting program assessment metric such as "cost per QALY" provides a common currency that is especially helpful for comparing healthcare technologies. 5 Of course, each cost and benefit method has advantages and disadvantages with implications for measurements of benefit, potential comparisons among alternatives, and types of outcomes that can be captured in the analysis. The different methods, as well as details in this implementation, determine the range and types of effects captured in the analysis, as well as the potential for comparisons among alternatives. For example, selecting episodes of illness as the outcome of a CEA evaluation limits the potential to identify the effects of telemedicine on preventing new episodes of illness. Using visits or virtual visits as the outcome ignores the potential of telemedicine to treat episodes with fewer provider contacts, or fewer hospitalizations.
Cost minimization analysis (CMA) of telemedicine generally ignores any potential for telemedicine to affect health-related outcomes, because CMA strictly focuses on cost-related benefits of the technology.
In summary, understanding cost-benefit concepts applied to the economic theory of choice is fundamental to both appropriate design and interpretation of telemedicine cost evaluations. This affects the identification and measurement of appropriate inputs and outputs of telemedicine and its alternatives. The concepts and the selection of a cost and benefit method constrain the potential inference from and the interpretation of findings.
Production functions in telemedicine cost evaluations
Compared with the economic theory of choice, other areas of economic theory are far less pivotal in health-care program cost evaluation. However, economic concepts of production appear likely to contribute to the design of telemedicine cost evaluation. This theory also has the potential to spur the development of a body of telemedicine production knowledge and models with predictive content.
Berki first proposed the use of an economic production function to structure our understanding of telemedicine, stating " . . . the fundamental effects flowing from the introduction of telemedicine will be changes in the process of production outputs as well as changes in the outputs themselves." 6 His detailed development of an economic production function of telemedicine was employed to generate insight and questions on the implications of telemedicine and the design of telemedicine economic research. In particular, he identified the need for greater specificity in types of telemedicine and their outputs when attempting to analyze telemedicine costs. He also identified the need to address telemedicine as being embedded within a health-care system.
Although not providing a predictive theory of costs, Berki emphasized the use of telemedicine production analyses to identify an extensive range of potential inputs and outputs. He also identified the complexity of cost research design and interpretation. Economic production theory provides a logical structure to identify and evaluate cost determinants, resources that affect costs, and the associated outcomes. It identifies both potential factors and logic related to the transformation from resources into such outcomes as access, health, and satisfaction. Hence, the body of telemedicine cost findings may be more easily understood through this framework, which, when combined with specific findings, may improve future research and lead to predictive models for telemedicine cost research.
Cost assessment framework
Biomedical devices may be described through a set of technical specifications; however, the content of a telemedicine program is less easy to define. Most often, telemedicine programs are described through areas of medical specialty or location of care. These attributes, however, are insufficient for specifying production inputs and likely outputs. Moreover, contextual factors of delivery programs, such as the boundary between teleradiology and standard radiology, are much more ambiguous. Consequently, additional descriptions of telemedicine programs are often needed. The question is what constitutes the program? What are the critical dimensions that facilitate more homogeneous groupings or adjustments for comparison of findings?
Some of the useful attributes for characterizing telemedicine programs are those that determine the use and value of program inputs or outputs, or that characterize assessments of opportunity costs. These attributes may be viewed as a cost assessment framework, which is not a well-defined algorithm or theory, but rather a description of a telemedicine program that is situationally relevant in identifying and defining costs and benefits. For example, such characterization reveals how a program is defined and the decision-making time horizon, both of which affect costs for the stakeholder. The decision maker's objectives, delineation of the boundaries between the intervention and context, and identification of a target audience for use of research results are major underlying assumptions that characterize the cost evaluation problem.
The cost assessment framework as defined in Table 1 is closely related to components used in defining CEA by the United States Public Health Service (USPHS) Consensus Panel. 7 The major dimensions of this framework help assess telemedicine cost-evaluation design and interpretation.
Program objectives and study purpose
A principal aim of telemedicine cost evaluation is to provide decision makers with information on costs of alternatives decisions. This requires an accurate understanding of objectives so as to obtain a precise identification and valuation of what is given up and gained as the result of an action. For example, a program with a short-term treatment objective will incur different costs and benefits than one focusing on prevention. Without sufficient knowledge of the decision-making objective, the empirical research and analysis may not be relevant. That is, precise evidence on the wrong question is most often not helpful. Consequently, it is often useful to have a pre-evaluation assessment of the decision maker's objectives. Careful consideration of objectives may be warranted when interpreting findings in the telemedicine literature.
Notably, the issue of program objectives is related to but separate from that of the decision maker's perspective. Different types of decision makers, such as the patient, provider, payer, and society at large, may have different objectives for a program and different values assigned to benefits. But these groups are also likely to incur different costs and benefits from the program, even if they agree on the same program objective.
This difference in perspective results in different costs and benefits among the stakeholders, and sometimes may result in differing incentives for program participation. The appropriate perspective for an evaluation will depend on the purpose of the evaluation. On the other hand, many researchers advocate the inclusion of the societal perspective (where all program costs and benefits are included in the CBA, regardless of who incurs or accrues them) in reporting results. The intent here is to facilitate comparability across studies.
At the same time, the primary purpose of telemedicine cost evaluation is to support health-care policy and organizational decision making. For this purpose, a cost assessment framework may guide the evaluation, but for that evaluation researchers may also subscribe to a larger role of ongoing knowledge building by making study results usable for a broad population of stakeholders with similar objectives. Here, simply the intended scope in the generality of findings may affect the methods of evaluation. For example, an evaluation may provide valid and generalizable results at a local or national level. Variations in international prices, population preferences, and health system efficiency, however, may undermine crosscountry generalizations. 8 The challenge becomes one of the research tradeoffs required to address contextual factors that influence the generality of results. Less powerful findings locally may be sacrificed for the power of broad generalization.
Telemedicine program definition and context
Telemedicine refers to a wide range of activities providing health care at a distance. These include remote monitoring, where capabilities are largely defined by device specifications; medical encounters that may be defined by enabling devices; and complex delivery programs, such as virtual hospitals that employ a complex mix of technologies and innovative processes. Thus, telemedicine interventions may include hardware and software technology, a clinical process, and a broad system of health-care delivery.
With device-oriented telemedicine, the definition of the program, its functional capabili- At the same time, telemedicine-oriented systems of care are more likely to provide needed economies of scale, joint gains from technology, and manpower knowledge efficiencies. In addition, the complexity of systems and activities related to telemedicine systems are likely to make program performance less determined by technical capabilities and increasingly dependent on management efficiencies and incentives, as has been discovered with information technology in general. 9 Hence, the defining attributes of a promising telemedicine intervention are likely to change as applications shift from narrowly defined, technically oriented clinical telemedicine capabilities to reliance on systems of information technology with behaviorally defined production processes.
The result is that different approaches and concepts may apply to cost evaluation of device-dominant telemedicine as compared with system-or activity-dominant telemedicine programs. Basic comparisons of alternatives that fit the evaluation paradigm appear to be less appropriate for cost evaluations of less technologically dominant and complex telemedicine systems of care. The cost impacts of telemedicine systems may be determined by a set of contextual factors, some of which may be identified through economic theories of organization and competition.
Methods of inference
RCTs constitute the most powerful methodology for testing the impact of a medical intervention, procedure, or medication. Medicine has been well served by RCTs and cost-effectiveness/cost-utility evaluations of pharmaceuticals and medical devices have been quite successful by employing RCT methods of inference. Nonetheless, whereas RCT methods may be good for evaluating telemedicine cost, other methods of statistical analysis may be warranted and even preferred.
In contrast to telemedicine, several areas of evaluation accept alternative methods for demonstrating causality though the rationale may not be without some debate. Of course, medical research has the strongest tradition of randomized experimental design for causal assessment, and perhaps because of this, non-RCT methods have had limited use in evaluating telemedicine costs. Several arguments for using alternative methods of inference appear credible in relation to program cost evaluation, including when:
• Threats to external validity transcend the RCT contribution to internal validity, • Relationships between the intervention and context cannot be disentangled through random assignment, • RCTs are not feasible or the additional confidence in outcomes provided by RCTs is economically justified, • Question of interest is not an unbiased estimate of program costs in a population but an estimate of costs in an uncontrolled setting (i.e., when self-selection is allowed).
The strength of RCT derives from ensuring the internal validity of findings. 10 But important determinants of costs, such as organizational competence, factor prices, and health system policy, are difficult to randomize, and they may have a more significant impact on cost than the intervention. Hence, the RCT findings from telemedicine programs cost evaluations may have limited value to decision makers who are concerned about the overwhelming effects of their context. Moreover, when the performance of telemedicine is determined by a system of variables, such as those involved in health-care production, or conditional on factors, such as managerial incentives, contextual effects may be impossible to disentangle from contextual factors. In neither case do RCT methods provide the best information for the decision.
For some types of telemedicine costs questions, decision makers may not be interested in the unbiased estimates of costs. For example, a third-party payer may be interested in the cost of self-selection biased program, i.e., program costs when patients have self-selected. Selection and choice are important components in the design of a health-care delivery system, so unbiased cost-effectiveness may not be useful without knowing the cost bias of choice.
To summarize, the methodological question is to determine the appropriate or "cost-effective" methods of inference, matching the evaluation design to the evaluation's purpose, resources, and stage of development.
Cost analysis guidelines
Guidelines are increasingly available for conducting, evaluating, and synthesizing healthcare research. They provide a powerful tool for improving the quality and comparability of studies. However, although economic cost analysis is tied to an economic theory of choice, there is room for considerable latitude and differences of opinion in applications. For example, standardizing definitions would improve the comparability of studies. Errors and methodological limitations of cost analysis are reported throughout the literature. Nonetheless, guidelines are designed to improve the quality of research in this area.
Spurred by their potential to provide a significant collective value for health-care cost research, health-care cost analysis guidelines have evolved rapidly. 3, 11 A few sources focus on assessing and improving quality of evaluation studies. 12 Most notably, the Cochrane Collaboration provides guidance for systematized assessment and synthesis of study evidence. 12 Other groups have developed guidelines that promote consensus or preferred definitions and methods for research, and less explicitly attempt to determine evaluative standards. At least 10 sets of formal and informal guidelines dedicated to health care cost analysis, mostly related to pharmaceuticals and devices, have been developed by government and industry organizations. Perhaps the most detailed of these are the USPHS Consensus Panel guidelines that demonstrate a particular interest improving the comparability of studies. 7 The Consensus Panel provides a theoretically consistent cost assessment framework for: (1) defining a cost or resource allocation decisions, including decision-making objectives and defining the program or intervention; (2) determining the decision model of costs and benefits; (3) specifying data and measures; (4) performing appropriate statistical, modeling, and sensitivity analyses; and (5) reporting results understandable by decision makers and researchers.
Notable improvements in compliance with key guidelines have been reported since publication of the consensus panel recommendations. 13 On the other hand, analysis of published cost analysis guidelines found agreement for about 75% of methodological aspects. 3 Disagreement was found in the recommended choice of perspective, the types of resources considered, and costs that should be included in the analysis. Partly, the differences in the guidelines appear to stem from differences in research objectives and associated technical issues. As a recent assessment of evaluative systematic reviews concluded, "Methods for assessment of methodological quality by systematic reviews are still in their infancy, and there is substantial room for improvement." 14 
IDENTIFYING AND SELECTING TELEMEDICINE COST EVALUATION LITERATURE
The status of telemedicine cost research is shaped by research findings, methodologies, and the resulting conceptual understanding of telemedicine costs. To this end, this section offers an approach and selection process for obtaining an accurate representation of this literature.
Several authors have used formal guidelines in conducting systematic literature searches in reviewing of telemedicine cost evaluations. [15] [16] [17] [18] [19] [20] Typically, these searches have used topical keywords to identify articles, and then explicit criteria on scientific merit for including or excluding studies in the review, with the objective of providing an efficient and unbiased estimate of costs and benefits. This paper builds on these earlier works, but not simply by adding the recent months of findings. Taking advantage of these earlier efforts, the results of earlier reviews and key studies are combined with newly identified studies. The emphasis of this assessment is on the conceptual and methodological rigor in cost studies, on the usefulness of identified cost issues, on research methods and strategies, and on conceptual interpretation. The concepts and methods discussed in previous sections of this paper 21 are used to guide the following search, selection, and review.
Still, identifying the boundaries for selecting articles remains a formidable task, which is especially apparent in terms of the conceptual ambiguities surrounding telemedicine costs. Activities that may be considered telemedicine continue to blend applications of information and communications technologies. Of course, the history of telemedicine research has been characterized by substantive debate on definitions, and this continues to evolve with technology. As a result, the use of a defined set of telemedicine keywords in selecting literature may easily omit relevant studies, but the most ambitious expansion of terms begins to capture an unmanageable number of studies.
An efficient alternative for selecting and reading abstracts produced by the most expansive set of keywords evolved from first considering studies identified through previous systematic reviews and then using keyword and database selection strategies to augment the literature. This approach may be best defined as iterative triangulation. That is, first previous reviews and standard initial sets of telemedicine keywords were used to create a database of abstracts for review. These were used to create a database of keywords, which resulted in overlapping sets of literature. Sets of prominent and seemingly relevant keywords were examined to identify additional articles, but investigating the detailed subsets of articles depended on the initial payoff in the discovery of new articles.
At the same time, significant references were also identified from the lists of references in the original articles. While the primary focus was on telemedicine cost literature, other prominent databases in the literature were included, such as health-care technology assessment (HTA) and health-care information technology (HIT) ( Table 2 ). These searches were guided largely by the need for further considering significant issues in the telemedicine cost literature.
The database of resulting articles consisted of studies identified through electronic searches and manual scans of both published and unpublished studies, resulting in a database of 1,430 telemedicine articles (Table 3) . Abstracts for each of these were reviewed. Among these articles, abstracts that indicated cost analysis with empirical data, or appeared to have rigorous or unique cost analysis research methods were selected for further consideration.
Finally, a database of studies based on standard telemedicine keywords, related analytic area keywords, and all related articles was constructed. Software was used to create and map clusters of keywords, which were inspected to identify unrevealed telemedicine related groups of studies. Clustering analyses of keywords associated with over 9,000 articles were evaluated to establish consistency across selection methods and significant omissions in topical and methodological areas of telemedicine costs. This resulted in the identification of few additional papers, but no new topical or methodological areas were added to the analysis.
AN ASSESSMENT OF RESEARCH FINDINGS AND METHODOLOGIES
The prevailing consensus is that few telemedicine cost studies have provided eco-ASSESSING TELEMEDICINE COSTS 357 Analysts have provided many explanations for the perceived inadequacy of telemedicine cost information. Studies have been faulted for having small user populations or data, fledgling programs with premature evaluation, biases due to reimbursement policy, faulty economics, and inadequate research methodology. 18, 26 In particular, the limitations of the literature have been most commonly attributed to inadequate and insufficient use of RCTbased studies. At the same time, at a more fundamental level, telemedicine cost research has been viewed as being encumbered by its "complex mix of technology and services." 15 This review considers whether current telemedicine cost evaluation concepts and methods constitue a barrier to useful cost research, and whether uses of economic theory and alternative research methods would improve the value of output from telemedicine cost research. Assessments are provided through discussions of the findings and limitations of telemedicine cost evaluation research.
An economic interpretation of cost findings
Reviewers of telemedicine cost studies bemoan the inadequacy of research methods and the resulting small number of useful cost findings. This conclusion is partly driven by the standards of methodological orthodoxy, or rigidity, for causal analysis. But, it also depends on assumptions about how findings reflect on the specific cost problem. In particular, RCT methods are especially appropriate for discrete, well-specified interventions. Accordingly, the research design has been to address different types of telemedicine as distinct technologies. This specification has been maintained in the interpretation and integration of findings. The notion of discrete interventions has been translated as conceptually independent of the different types of telemedicine findings. Often, the assumption of conceptual independence of telemedicine program cost findings is unnecessary. The economic underpinnings of cost evaluations may provide a basis for the conceptual integration of the seemingly disparate telemedicine cost results. In particular, the interpretation of cost results from telemedicine programs may make use of the economic production concepts previously discussed. Specifics on the approach used in a cost analysis may be combined with other knowledge of medical care delivery and economic production to synthesize findings around a distinct cost principle. Accordingly, the following sections attempt to make more efficient use of telemedicine cost research by assessing how they reflect on economic processes that determine costs.
Cost impacts on access to a medical visits
The earliest studies of telemedicine costs concentrated on the cost implications of enabling access to care. As such, studies primarily considered the costs or economic gains from reductions in patient or provider time traveling for care. These studies often involved clinical technologies that were considered unchanged when provided through telemedicine. For example, for purposes of cost evaluation, the clinical character of a radiological service or other imaging service was considered to be essentially identical to in-person service.
Early cost studies often implicitly or explicitly were presented as cost-minimization studies, but they were more unique than that. The basic specification of the problem in these studies was to limit the telemedicine effect to the production of access while defining the cost structure as a trade-off between gains from reduced travel costs and expenditures on Information and Communications Technology (ICT) and personnel. Hence, high barriers to access and specialties requiring less expensive technologies were likely to produce favorable results for telemedicine.
Using this approach, telemedicine produces cost savings for specific populations, such as prison inmates, 26, 27 sailors at sea, 28 or emergency cases. 29, 30 Hence, the potentially prohibitive determinant in the use of care is the cost of travel, which can be offset by efficient use of the ICT technology. Specialties that required cheaper technologies, such as psychiatry, or that easily integrated the technology in the visit, such as dermatology, were more likely to show savings through reduced travel costs. On the other hand, these studies were important only to decision makers who incurred a sufficient saving from travel costs. Most notably these included U.S. prisons, the military services, and a number of European health-care systems.
Of course, a reasonable conclusion is that once the technical feasibility for telemedicine is established, the potential for savings from travel for patients would be expected. The evidence suggests that travel-based cost savings are feasible for a variety of telemedicine specialty applications, including teleradiology, teleneurology, teledermatology, and teleoncology. [29] [30] [31] [32] However, the findings for other types of telemedicine, such as telepsychiatry, are inconsistent. This may be due to the fact that some of these study designs focused on the impact of telemedicine on access, whereas others included the effect of telemedicine on clinical efficiency. The latter is the subject of discussion in the next section.
Clinical efficiency aside, the expected savings in this type of telemedicine analysis are situationally dependent; that is, they depend on the environmental context, such as general costs of travel and technology. More importantly, once feasibility is established, significant economic findings are not likely through a local single-site clinical trial. The key parameters affecting costs, location, and price of technology are external to the design of local clinical trials.
Costs impact on clinical efficiency
A second category of telemedicine programs effects may be characterized as changing the costs of care by affecting clinical efficiency, as well as travel and technology. But here telemedicine may result in changes in the amount or mix of resources and thereby the costs of clinical care. Changes in clinical care processes decrease or increase cost care. This may best be reflected in assessing episodes of care.
This additional role of telemedicine in affecting costs is significant from many perspectives. First, clinical costs often have a dominant share of total costs of care, especially for populations without exceptional barriers in access. Consequently, efficiency savings through telemedicine present a much greater opportunity for finding savings. These clinical efficiencies may be influenced more by patient and physician characteristics and less by local situational factors. Moreover, and perhaps as important, depending less on local factors allows findings on the cost impact telemedicine to be applied more easily to other settings. Presumed costs savings due to the effects of telemedicine on the production process of medical care are more likely generalizable across settings.
Analyses of telemedicine that capture the costs impacts of clinical efficiencies may be defined implicitly or explicitly through several features of the study design. First, the analyst may explicitly recognize the change in the mix or types of resources used in the clinical process. For example, store-and-forward dermatology is likely to be basic change in the clinical process when compared with real-time teledermatology. Alternatively, many studies implicitly allow for impacts on clinical efficiencies through their definitions of the output. For example, where the cost impacts are examined across multiple patient encounters or visits, then telemedicine may affect clinical inputs. The number or mix of clinical visits may be changed in the treatment of the care.
Studies of teledermatology may best illustrate the merit of this conceptualization in guiding the integration and interpretation of findings. Dermatological conditions often occur in relatively well-differentiated episodes. Consequently, telemedicine studies frequently link multiple provider encounters. At the same time, dermatology practice lends itself to the use of alternative sets of resources in the production of a telemedicine visit, such as realtime and store-and-forward processes of care. The result is that each of the three sources of cost impacts may apply. But changes in the clinical process for real-time teledermatology are less likely to affect total costs, as compared with store-and-forward processes.
Studies of teledermatology fit surprisingly well within the constructed cost framework. The cost savings of real-time and store-andforward teledermatology depend on the costs of travel. But store-and-forward costs have proven to be more variable across studies and sensitive to specific assumption about the production of clinical care, such as patient flow. Moreover, although an RCT study of a Veteran's Health Administration teledermatology program found it not to be cost effective, further analysis of the results indicated that it became cost effective with modest changes in clinical or travel costs. Accordingly, costs of a teledermatology program are likely to depend on the situational and generalizable impacts of telemedicine, and that decision makers need to consider the relative roles of each. At the same time, researchers may contribute by further analyzing the determinants of clinical productivity in teledermatology and the relative magnitude of these when compared with the savings from travel and the costs of technology.
Telepsychiatry presents a contrasting set of insights when examined through this conceptualization of the sources of telemedicine costs. Telepsychiatry has been shown to be feasible, may increase access to care, and often is reported cost effective. The unit of output in telepsychiatry is the visit, but this is somewhat ambiguous as a measure of treatment output. At the same time, there is considerable latitude in the resources used to provide telepsychiatry. Moreover, telepsychiatry has lacked standard models or guidelines for care, although several detailed guidelines have been recently published.
Consequently, it becomes difficult to determine how much or whether telemedicine changes the productivity of the psychiatric clinical process. Telepsychiatry is usually reported as less expensive for patients when the cost of travel and lost time are considered. 33 This is especially apparent when care is provided to prison populations, remote clinics, and other-wise isolated populations. 34 Indeed, telepsychiatry services have been estimated to be less expensive, as expensive, or more expensive than in-person services. 35 The small size of many programs may be a problem, and some approaches to the delivery of telepsychiatry have been reported be more cost-effective than others. 33 The implication of this economic interpretation of telemedicine findings is that telepsychiatry may be cost-effective, but the findings are unclear. Certainly, RCT studies may provide better evidence, but measurement issues appear to be a major barrier to drawing definitive conclusions. Future studies of telepsychiatry should focus on telepsychiatry outputs and the changes in the mix and use of resources in the clinical care process.
Cost impacts on disease management
Some telemedicine programs may be viewed as having a direct effect on the process of maintaining health and well-being (referred to by economists as the production of health) rather than simply affecting access and efficiency. Economic analyses from outside of telemedicine have indicated that activities that prevent illness are often far more cost-effective than medical care treatments. 36 Accordingly, telemedicine interventions that reduce the use of medical care through primary or secondary prevention potentially could save costs that might overshadow the effects on access alone. The costs saved through telemedicine through reduced travel to medical care needed in the absence of the preventive activity likely would pale in comparison.
Home telecare and telemonitoring may offer significant cost savings in terms of health and wellness. These applications may provide little improvement in access to clinical treatment, and they may not have a significant effect on the cost-effectiveness of clinical care. But they can change the need for care. Recent evidence suggests that significant savings are possible through the use of telehealth to diminish the need for medical care. 37, 38 For example, a randomized controlled trial of prenatal telehomecare for high-risk pregnancies reported a reduction in hospital use. 39 Subsequently, a landmark RCT study of home telecare demonstrated cost-savings through reduced utilization. 38 In this latter study, remote monitoring and real-time video interactions reduced total costs of care relative to those receiving traditional homecare. More recent studies further provide evidence of the potential cost-effectiveness of telemonitoring among congestive heart failure and diabetic patients. 37, 38 Overall, a notable contrast has emerged in the apparent success of telemonitoring and home telecare cost-effectiveness studies, when compared with the limited results from teleconsultations. 19, 40, 41 A number of explanations for this difference seem plausible. Home telecare and telemonitoring occur outside established medical facilities and are therefore less likely burdened by historical overhead costs that may or may not be necessary for other types of telemedicine. This application may represent a more targeted intervention of highrisk patients with a narrowly defined technology. These findings are likely to generate even more high-quality research in this area.
On the other hand, it may also be, as some economists have long argued, 36 that more medical care may not be as cost-effective as maintaining or improving health. In this case, home telecare may be benefiting from the underlying opportunity in the production of health. If so, telemedicine applications that further exploit investment opportunities in wellness would have a higher likelihood of success.
The contextual assessment of cost findings
Health economics concepts, such as productions functions, may improve the design and interpretation of telemedicine cost analysis. Yet, the interpretation and synthesis of cost evaluations also requires an understanding of the decision-making assumptions and environmental context of the telemedicine activities that incur costs. Here, this is defined as the contextual assessment of the cost evaluation and includes both the decision-making context as represented in the "Cost Assessment Framework" and the environmental context of the telemedicine program that may impact its performance.
Cost evaluation findings on a telemedicine activity depend on such decision-making specifics as the perspective, the target population, and the decision time horizon. Contextual factors, such as provider fee levels, equipment costs, and health system efficiencies, may determine the external validity of findings. Although both the decision-making and environmental context of findings may limit the applicability of findings, an understanding and even separate analysis of these factors may facilitate further synthesis of disparate findings. For example, adjustments to local provider costs may provide insights into observed differences in study results.
This section examines issues pertaining to contextual determinants of cost findings and ways in which understanding the context facilitates the interpretation and synthesis of results. Also, some research strategies that may address these contextual factors that can improve telemedicine cost evaluations are considered.
Decision maker and information requirements
Existing telemedicine cost research and analyses rarely discuss the decision-making objectives that would be supported by the results of a specific study. Neither do they explicitly define the informational needs of decision makers who would use such results. Nonetheless, each of these is likely to have profound effects on the design of the study, methods of statistical inference, and the interpretation and usefulness of study results.
Many evaluations performed in the United States appear to define the research question so as to obtain cost-effectiveness information needed for directly funded government healthcare delivery programs. But these seldom translate easily to the decision-making needs of market-driven institutions and third-party payers. For example, researchers frequently rely only on the societal perspective in evaluating costs and benefits. All costs and all benefits are considered regardless of who pays the cost or gains the benefit. However, private health-care institutional decision making will be based on a narrower set of costs and benefits, often, within the context of a business case that considers the costs and benefits related to institutional expenditures and revenues. A third-party insurer will likely consider the costs and benefits quite differently. An insurer is likely to be especially interested in the effects of a reimbursement policy on its costs and revenues.
At the same time, and perhaps inconsistently, the research designs in economic studies of telemedicine appear to focus on local decision making, and do not address contextual variables and measurements that facilitate applications in other settings. Hence, it is incumbent on the analyst of truly generalizable research to address issues of comparability of costs and benefits, external validity, and relevance of research for various health-care decision-making or policy objectives.
At the same time, this does not imply that a locally focused evaluation is of low quality, especially if it provides information needed for decision making. The approach and findings limit their range of applicability. For example, differences in unit costs of inputs have been found to affect CEA ratios among European Union countries. 42 An analysis by Drummond also led him to conclude that it is difficult to infer CEA results between countries. This problem becomes even more difficult if countries vary in the resources used to produce a given result. 43, 44 The dilemma is that costs and benefits of research also have to be considered, and generalization has a cost. The optimal trade-off partly depends on the specific needs of decision-makers and the expected scope of generalization of results.
Complexity of telemedicine interventions
Evaluating the costs and benefits of telemedicine depends on identifying the resource basis used in producing telemedicine. Costs and benefits may be defined largely through the devices used, as in some telemonitoring. They may be affected by various factors, including sharing the technology for other functions and an array of work processes and external organizational interactions, as in a communitywide telepyschiatry program. Yet, precisely how we specify the intervention sets the challenge in measuring costs and benefits. For example, digital radiography is often cost-effective separate from it use in telemedicine. It provides savings in the reduced cost of film and related supplies as well as through fewer lost images. But once the technology for digital radiography is available, the cost of the additional systems to implement teleradiology is dramatically reduced. Of course, the benefits also become limited to gains from the electronic exchange of radiography. Nonetheless, despite increasingly widespread acquisition of digital imaging systems, there appears to be no comprehensive estimate of the economic returns on investment. 45 The definition that distinguishes the intervention from context may also delineate the potential generalization of findings. For instance, a narrowly defined intervention, such as a telemedicine device, may be more consistently identified, characterized for costs and benefits, and reproduced in new settings. Modifications or adjustments, such as in prices, may be needed to apply results in a new context. These are less likely to be a problem for decision makers. In contrast, the greatest challenge in applying economic evaluation methods is in programs that have ambiguous boundaries of intervention and broadly defined or intangible outputs. 46 For example, it would be far more challenging to identify clearly inputs and associated input costs and to track outcomes in a broadly defined telehealth network. Similarly, programs that rely on extensive and complex interactions imbedded in organizational processes present difficulties in measuring costs and outcomes. On the other hand, telemedicine interventions that deliver the greatest cost savings likely to be narrow and well defined, such as monitoring of congestive heart failure patients, or home telecare. 37, 38 
Methods for statistical inference
The study designs employed in economic evaluations include decision analytic models, observational studies, and clinical trials. Observational studies are more prevalent in the literature. Prior to the mid-1990s, health-care cost analyses often used clinical trial data on effectiveness to develop a decision model for determining costs and benefits. Within the last decade, several cost studies have been integrated with RCTs, but the majority do not do so. 47 Perhaps this evolution explains the apparent preference for RCT or quasi-experimental designs, and the growing number of RCT-based studies. Nonetheless, these studies tend to rely on comparative evaluations of program outcome measures, and are mostly patterned after the clinical trials of medical care research. The presumed power of the RCT is that randomization of patients to telemedicine and traditional care settings assures unbiased comparisons in the use of resources and outcomes. This is certainly the case when evaluating devices such as tele-EKGs. Still, the requirements of some research may suggest the use of alternative methods of inference, either in combination or as an alternative. This is because telemedicine interventions are often complex systems of devices and activities, the performance of which significantly depends on contextual factors that are independent of the research treatment.
RCT designs in telemedicine economic research would be subject to significant external validity threats from economic determinants not controlled through randomized assignment of patients. 48 For example, telemedicine interventions may involve extensive process and behavioral changes that are affected by health-care policy, local resources costs, resource costs, and incentives that are beyond the boundary of the research randomization. Despite the use of randomized, controlled trials, the systemic nature of the telemedicine production process may easily be affected by major contextual factors that will limit external validity of findings. Alternative, non-RCT processes and concept models may be available to reduce error variance and biased results. Selectivity models that better address beneficiary behaviors and policy maker needs when faced with new technologies have proven useful in other areas of health-care research. Techniques that combine trial-based and observational data, sample selection, and censored data estimation are among current major development across areas of health-care cost analysis. 48 Consequently, the selection of the most appropriate methods of inference in telemedicine cost research depends on a range of multivariate statistical techniques to improve the efficiency of estimation and adjustment for selec-tion bias. These approaches may be used as alternatives or complements to RCT methods, especially as a means of revealing logical connections among inputs, context, and outputs and in leveraging and the generality of findings.
SUMMARY AND RECOMMENDATIONS
Lamenting the lack of information on telemedicine cost analysis has become a standard preface to discussions of telemedicine evaluation. An ample volume and variety of explanations for the dearth of results are often cited. These include small user populations, rapidly changing technology, poor selection and application of statistical and economic methodologies, and inherent failings in available economic evaluation methodologies. 15, 18, 26 Still, researchers express a growing optimism in the value of telemedicine while government and health-care decision makers from many countries increasingly invest in telemedicine. Assuming rational behavior among the stakeholders, the evidence from these sentiments suggests that more convincing data on the costs and benefits of telemedicine exist. The incongruity of formal assessments and decisionmaker behavior suggests the need for a more careful design and assessments of current programs. The lack of convincing evaluations partly may reflect inadequate analytic assessment, integration, and synthesis of available data.
Cost evaluations of telemedicine have been undertaken in a diverse and global set of health-care delivery settings. Studies represent an economically heterogeneous set of programs and systems of care analyzed as discrete intervention alternatives. As a result, study data represent a large number of observations, often with little apparent commonality, and the integration of findings is arduous at best. A few notable findings have been identified, but results are meager for any specific technology or decision problem, and they are unlikely to provide much useful information. Yet, little attention has been paid to the unique methodological considerations and potential strategies for program cost evaluations. Economic and decision-making concepts provide a host of tools to interpret and synthesize findings that appear to have been overlooked. These provide added insights into telemedicine program cost results once integrated meaningfully. This paper was aimed at understanding available cost data, not simply from an assessment of the aggregate validity of statistical estimates. Statistically valid findings are limited. An attempt was made to use economic theory to understand the fragmentary and sparse findings. Nonetheless, an interpretation within an economic theoretical structure and applied decision-making framework provides additional corroborating evidence on the efficiencies and potential value of telemedicine. At the same time, these assessments provide insights as to potential design of telemedicine programs and further cost analysis research.
This review of telemedicine cost studies supports previous conclusions on the potential net savings to society through certain uses of telemedicine. Populations in remote areas, in prisons, or on ships may have reduced total cost of care by accessing it through telemedicine. But these reported gains in the cost-effectiveness of telemedicine depend on the reduced cost of access to care.
Distances and other barriers make the cost of travel to obtain care inordinately high, and the change in output with telemedicine has been along the dimension of access as opposed to changes in health. The relatively lower cost-tobenefit performance of these programs depends on changes in situational variables, such as geography, as well as reductions in the cost of information technology. Perhaps most importantly, savings from the relatively favorable cost performance of these programs may not accrue to the payers of care. Hence, the health plans on Europe, Canada, the U.S. Department of Defense, and prisons that pay for access may have incentives to provide this type of telemedicine. Otherwise, most U.S. plans do not pay the costs of barriers to access, and in fact may gain from these barriers.
On the other hand, generalizable telemedicine savings from clinical care efficiencies, as opposed to access savings, may be observed in studies of specialty areas that have a potentially modifiable clinical production process through telemedicine and that have a research design that allows for the detection of the potential gains. Cost evaluations are more likely to detect improvements in clinical efficiencies if outputs are at least measured as episodes of care. Both dermatology and psychiatry appear to have the potential for clinical efficiencies through telemedicine, but this is more clearly accomplished in store-and-forward dermatology where the process of care is most clearly changed. In telepsychiatry, changes in processes of care to take advantage of telemedicine are less clearly measurable.
The greatest potential for cost savings from telemedicine appears to be in its application in the production of health or wellness. When study outcomes are measured as health maintenance or wellness, as is usually done in home care, potential savings from telemedicine appear to be much greater. In particular, this type of telemedicine may be especially cost effective for high-risk and specific types of chronically ill patients.
The application of the economic concepts of production and contextual analysis and synthesis of cost-evaluation methodologies and findings appear to make better use of the cost literature. But the use of economic production concepts and the cost-assessment frameworks and the environmental determinants of program performance may make their greatest contribution in helping to define more innovative future research. Areas of likely payoff are studies of self-selection into telemedicine programs, adjustments for local health-care costs and system efficiencies, and the impact of incentives on specialties such as telepsychiatry where potential but difficult-to-measure changes in clinical efficiencies may occur.
Generally, the need to integrate current costs findings seems evident, and greater reliance on economic and decision-making structures seems desirable. Telemedicine technology is frequently considered a "black box." But telemedicine systems of care have important behavioral determinants and effects that may both better understood and evaluated through economic and health-care delivery concepts and through alternative approaches to assessing causality. Although the specific choice of methods of inference and design depend on specific research study needs and constraints, more flexible methods of establishing causality often may be justified and sometimes needed so as to aid interpretation and generalization of findings. Hence, a strict reliance on randomized, controlled trials for cost analysis is questionable.
Finally, telemedicine cost evaluation occupies a difficult divide between evaluation having a focus on providing information for local decision makers, and a focus on providing generalizable estimates of cost impact. General findings are needed to improve effectiveness and reduce costs to the broader community of decision makers; however, these likely have research costs and trade-offs that may not immediately benefit a researcher's constituency.
Consensus guidelines and best practices on costs provide common benefits to cost research, but they are unlikely to be supported by individual research or provider groups. Both the support and expansion of the common research contributions provided by guidelines and the development of strategies for addressing the balance of the private and shared-cost research costs and benefits question may make the greatest single contribution in enhancing the value of telemedicine cost literature.
APPENDICES

Appendix 1: Methods of health-care cost analysis
Cost-benefit analysis (CBA): CBA remains the paradigm for conceptualizing cost analysis, and it continues to serve as the ideal in defining opportunity costs and the valuation of benefits. In classic cost-benefit analysis, all input costs and benefits are transformed into monetary terms, such as dollars, as would be the case for individual decision-making in the market. The operational impediments to CBA are well documented for problems dealing with personal health-care services where the most significant issue may be the lack of generally accepted methods for translating benefits into dollars. Although various willingness-to-pay methodologies have been used for CBA of health services programs, ongoing public and economic debate over their use makes them unappealing. 49 Cost-effectiveness analysis (CEA/CUA): The development of CEA was stimulated by the discomfort in CBA when translating medical outcomes such as years of life or a change in blood pressure into monetary values. Whereas costs are monetary in a CEA, outcomes are reported in nonmonetary terms. In personal health-care, these terms are expressed in such intermediate metrics as the outcomes of blood pressure or recidivism or such longer-term outcomes as quality-adjusted life years (QALYs), where a quality year may be partially defined by health. 4, 7 A CUA is particular type of CEA that uses QALYs as an outcome. The resulting cost per QALY provides a common currency that is especially helpful for comparisons among disparate technologies. 5 The objective in a typical CUA is to estimate the number of quality-adjusted life years produced through monetary expenditures on specific health-care interventions. QALY effects of an intervention are captured in the denominator of the ratio, whereas changes in resource use for an intervention are captured in the numerator in monetary terms. A result, for example, may be that a program costs $10,000 per each additional life year. CUA ratios may be compared among a few alternatives or compared with a standard set of interventions, as from a league table that lists the cost per life year for a wide range of projects. 50 Guidelines or "rules of thumb" for accepting interventions with CUA ratios, for example, of less than $100,000 per life-year, have been a subject of extensive health-care research. 24 The Panel on Cost Effectiveness in Health and Medicine (United States Public Health Service) advocates use of the CUA form of cost-effectiveness analysis. 4 Cost-minimization analysis (CMA): Cost-minimization analysis (CMA) is essentially a costsavings analysis. That is, the focus of the analysis is on finding the alternative with the lowest cost; for example, the cheapest way to produce a medical visit or to treat a case. To the extent that telemedicine may not change an immediate health outcome and constitutes only a change in process, then use of CMA is justified. On the other hand, if benefits do change, information is lost and important findings may be overlooked when using CMA rather than CBA or CEA.
Return on investment (ROI):
In its narrowest definition, return on investment is defined as a mathematical relationship, where the total monetary benefit from an investment is divided by initial and subsequent costs. 47 ROI is then stated as a percentage or ratio, and it provides a concise summary of factors that define the gains from an investment. As a good comparative summary of the profitability of an investment, this metric is especially well suited for for-profit organizational decision making. Yet, ROI is not usually cited or discussed in health-care economic cost research because it is viewed as organizational expenditures as opposed to opportunity costs, and its traditional methods do not include quantifying nonmonetary costs and benefits. Moreover, the ROI problem has been focused on capital investments for production, as opposed to consumption goods. That is, the organizational decision maker's interest is on the firm's monetary returns from an investment as opposed to the total value of benefits provided to a consumer.
Nonetheless, the term ROI increasingly is being applied to all cost-and-benefit methods. 51 The broader definition encourages a comparison of an investment's total value and costs, including the consideration of nonmonetary benefits. 47 For example, U.S. government guidance on information technology investments now defines ROI as encompassing the collection of quantitative cost/benefit methods, including CEA. 47 But this question on the definition of ROI may not be clear, but broadening the concept has extended the focus of government analysts concerned with organizational decisionmaking tradeoffs, benefits, and costs. Then, while these government organizational expenditures still may not represent opportunity costs from the societal perspective, they represent opportunity costs within the framework of an organizational budget. Moreover, resulting cost analysis approaches may be applied equally to incorporate nonmarket and opportunity cost concepts in private business organization decision making, especially analyses and policies of private health-care organizations.
Functional economic analysis (FEA):
FEA is a variation of cost analysis developed to accommodate the needs of information technology and organizational decision making. 52, 53 Information technology products, including telemedicine, may be defined as sets of functions or capabilities as opposed to hardware, software, or a physical system. [53] [54] [55] FEA focuses on the costs of the functions or capabilities that facilitate specific health-care objectives, such as providing medical care services or improved access to care. Thus, costs and benefits are associated with specific functions or information capabilities, such as providing an electronic medical record capability. Organizations may define decision-maker responsibilities and workflows that support functions to enable identification of costs. 
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